Rhizobium rhizogenes strain K84 is a commercial biocontrol agent used worldwide to control crown gall disease. The organism binds tightly to polypropylene substrate and efficiently colonizes root surfaces as complex, multilayered biofilms. A genetic screen identified two mutants in which these surface interactions were affected. One of these mutants failed to attach and form biofilms on the abiotic surface although, interestingly, it exhibited normal biofilm formation on the biological root tip surface. This mutant is disrupted in a wcbD ortholog gene, which is part of a large locus predicted to encode functions for the biosynthesis and export of a group II capsular polysaccharide (CPS). Expression of a functional copy of wcbD in the mutant background restored the ability of the bacteria to attach and form normal biofilms on the abiotic surface. The second identified mutant attached and formed visibly denser biofilms on both abiotic and root tip surfaces. This mutant is disrupted in the rkpK gene, which is predicted to encode a UDP-glucose 6-dehydrogenase required for O-antigen lipopolysaccharide (LPS) and K-antigen capsular polysaccharide (KPS) biosynthesis in rhizobia. The rkpK mutant from strain K84 was deficient in O-antigen synthesis and exclusively produced rough LPS. We also show that strain K84 does not synthesize the KPS typical of some other rhizobia strains. In addition, we identified a putative type II CPS, distinct from KPS, that mediates cell-surface interactions, and we show that O antigen of strain K84 is necessary for normal cell-cell interactions in the biofilms.
A grobacterium species are soilborne bacteria that cause crown gall disease in a large variety of plants (17) . An early step in the infection process is the attachment of agrobacteria to plant tissues (30) which is followed by global root colonization (31, 44) . During the bacterium-plant cell interactions in wounded tissues, tumorigenic strains have the ability to transfer a particular DNA segment from the Ti plasmid of the bacterium to the plant genome, and its expression in the transformed plant cell leads to the development of a crown gall tumor (reviewed in references 61 and 62) . It is well known that crown gall disease can be controlled by treatment of the root plant system with the biocontrol agent Rhizobium rhizogenes (formerly Agrobacterium radiobacter [56] ) strain K84 (reviewed in reference 45). Strain K84 also attaches to root tips ex planta and efficiently colonizes the plant root system (29, 43, 53, 57) .
Bacteria can live and proliferate in natural environments either as individual cells (planktonic) or as highly organized multicellular communities encased in self-produced polymeric matrices called biofilms, which are in close association with surfaces or in air-liquid interfaces (19) . Aggregates, microcolonies, and highly structured biofilms are common multicellular developmental stages that are observed in both pathogenic and nonpathogenic root-colonizing bacteria (1, 12, 13, 35, 42, 47) . Agrobacterium tumefaciens strain C58 forms biofilms on roots that are enhanced by phosphorus, oxygen limitation, and cellulose production (14, 32, 33, 47) . Two transcriptional regulators, BigR and ExoR, are necessary for biofilm growth in A. tumefaciens strain C58 (3, 55) .
We recently reported that the crown gall biocontrol agent R. rhizogenes K84 binds tightly to polypropylene and efficiently colonizes root surfaces as complex, multilayered biofilm structures (1) . However, the genetic basis for these properties had remained undefined. A putative capsular polysaccharide (CPS) produced by R. rhizogenes strain K84, which is distinct from the K-antigen capsular polysaccharide (KPS) produced by some other rhizobium strains, appears to play an important role in cell-surface interactions. Moreover, we have also shown that wild-type lipopolysaccharide (LPS) is necessary for normal cell-cell interactions in the K84 biofilms.
MATERIALS AND METHODS
Bacterial strains, plasmids, and growth conditions. Bacterial strains and plasmids used in this study are listed in Table 1 . LB medium (50) was used for growing Escherichia coli. Rhizobium rhizogenes strain K84 was routinely grown on rich MG/L medium (9) supplemented with biotin (2 g/ml) and occasionally on tryptone-yeast extract (TY) medium (4) . Both AT (54) or AB (11) minimal media, with 0.2% mannitol as a carbon source (called ATM or ABM, respectively) and supplemented with biotin (2 g/ml), were also used. Antibiotics were added to media at the following concentrations: for Rhizobium, tetracycline (Tc), gentamicin (Gm), kanamycin (Km), and neomycin (Nm) at 10, 15, 100, and 100 (g/ml), respectively; for E. coli, Tc, Gm, Km, and ampicillin (Ap) at 20, 10, 50, and 50 (g/ml), respectively. DNA manipulations. Plasmid DNA was isolated from E. coli by an alkaline lysis-based procedure kit following the manufacturer's instructions (Qiagen). Standard recombinant DNA techniques were used (50) . Plasmids were introduced into Rhizobium strains by electroporation (34) or by biparental cross-streak mating using E. coli S17-1(pir) harboring the plasmid of interest as the conjugative donor (51) . Genomic DNA for Rhizobium strains was isolated using a kit and following the manufacturer's instructions (Epicentre).
Transposon mutagenesis. A transposon mutagenesis library was generated in wild-type R. rhizogenes strain K84 with Mar2ϫT7, an engineered derivative of the Himar1 transposon of the mariner family (27) . Transposon insertions were randomly generated by introducing the suicide plasmid pMAR2xT7 into strain K84 by conjugation with E. coli S17-1(pir). Transposon-induced mutants of strain K84 were selected on ABM medium supplemented with Gm.
Mar2؋T7 insertion site identification. Transposon insertion sites were identified using a two-round PCR protocol (7) with genomic DNA from mutants, amplifying the sequence adjacent to the transposon insertion with a transposon-specific primer and an arbitrary primer, followed by a second amplification using a nested transposon-specific primer and a primer corresponding to a nonrandom portion of the arbitrary primer used in the first PCR. A third nested transposon-specific primer was used for sequencing reactions. Sequences for the primers used are shown in Table S1 in the supplemental material.
Gene cloning. A fragment of 1,369 bp containing the wcbD ortholog gene (Arad9146) was obtained by PCR amplification of genomic DNA from strain K84 using a specifically designed primer set (see Table S1 ) and cloned between the KpnI and BamHI sites of the broad-host-range vector pBBR1-MCS-2 (24) . This fragment contained the Arad9146 open reading frame ([ORF] 1,212 bp) and an extended promoter region of the gene. A fragment of 1,538 bp containing the rkpK ortholog gene (Arad3519) was obtained by PCR amplification (see Table S1 in the supplemental material) and cloned between the HindIII and EcoRI sites of pBBR1-MCS-2. This fragment contained the Arad3519 ORF (1,323 bp) and promoter region of the gene.
Biofilm screen. Transposon-induced mutants of strain K84 were screened in two steps. In the first, large-scale screen, 10 l of overnight cultures in MG/L liquid medium was added to 200 l of ATM liquid medium in 96-well microtiter polypropylene plates, using one well per mutant. The amounts of planktonic (optical density at 570 nm [OD 570 ]) and surface-attached (A 570 ) cells were determined by a standard crystal violet (CV) assay after static incubation for 48 h at 26°C (1, 39) . Each potential mutant that was compromised in terms of biofilm formation in this first screen was then rescreened by individually adjusting the ATM culture to an OD 570 of 0.04, and growth was continued in microtiter plates. Comparative biofilm formation was measured as a function of crystal violet staining as previously described. Experiments were repeated at least twice using 10 replicate wells per strain. Alternatively, biofilm formation on borosilicate culture tubes was also visualized after bacterial cells were grown on ABM liquid medium for 48 h under shaking conditions (50 rpm) with the tube in a slanted position.
Biofilm formation on the root tip surface. Green fluorescent protein (GFP)-labeled derivative strains of strain K84 and its mutants were evaluated for biofilm formation on the surface of tomato root tips following a previously described methodology (1) . Tightly bound bacteria were visualized on the surface of washed root tips by luminescent GFP detection using an LAS-3000 imaging system (Fujifilm). Biofilms on the surface of washed root tips were directly examined with a fluorescence microscope (Nikon Eclipse E800) equipped with a high-resolution digital camera (Nikon DXM1200). All experiments were performed at least twice, with two replicate root tips per strain.
O-antigen and K-antigen capsular polysaccharide analyses. For purification of O-antigen lipopolysaccharide (LPS), bacteria were grown on solid TY medium for 96 h. LPS extraction, separation by SDSpolyacrylamide gel electrophoresis (PAGE), and silver staining were performed as previously described (6) . For purification and visualization of the high-molecular-weight KPS, bacterial cultures were grown on liquid TY medium for 48 h. Cells were washed three times in 0.9% NaCl and pelleted by centrifugation. The bacterial pellet was resuspended and lysed by heating to 100°C in 500 l of KPS extraction buffer (50 mM Tris-HCl [pH 8.5], 13 mM EDTA, 15 mM H 3 BO 3 ) for 6 min. The bacterial crude extract was then treated with RNase (60 g/ml) and DNase (20 g/ml) for 3 h at 37°C, followed by two 24-h treatments with proteinase K (30 g/ml) at 37°C. Finally, the treated mixture was centrifuged at 10,000 ϫ g for 5 min, and 400 l of the supernatant was mixed with 680 l of 1 M sucrose and 120 l of absolute ethanol and stored at Ϫ20°C. The resulting samples obtained were analyzed by PAGE without SDS, as previously described (40, 49) , with the addition of ethanol to the running buffer as well as to the Nonproducer of the HMW-KPS 37 running and stacking gels at a final concentration of 10% (vol/vol). The acrylamide concentration of the running gel was 18% (wt/vol), and the ratio of acrylamide to N,N=-methylenebisacrylamide was 29:1. Gels were fixed using Alcian blue (0.5% in 2% acetic acid) and silver stained. Extracellular EPS production. Total carbohydrate amounts of the exopolysaccharide (EPS)-containing supernatants were determined using the anthrone-H 2 SO 4 method, which measures the total reducing sugar content in a given sample (55) . Briefly, cultures were grown in 1/20 diluted MG/L medium at 26°C for 72 h, and 1-ml culture samples were prepared by centrifugation to remove cells. This cell-free culture fluid was assayed for EPS content via sulfuric acid hydrolysis in the presence of the colorimetric indicator anthrone. To this end, 250 l of anthrone solution (2%, wt/vol, in ethyl acetate) was added to 1 ml of culture sample and then hydrolyzed with 2.5 ml of concentrated sulfuric acid. The absorbance at 620 nm was measured, and amounts of carbohydrates were calculated using a standard curve of known concentrations of glucose (0 to 100 g/ml). Exopolysaccharide values were normalized to the OD 600 of each culture.
Transmission electron microscopy. Overnight cultures in ATM liquid medium were resuspended in 0.01 M phosphate-buffered saline (pH 7.2) at 10 9 CFU/ml. Suspensions were deposited on Formvar-coated 400-mesh copper grids and allowed to settle for a few seconds. Excess liquid was blotted, and then cells were stained with 2% phosphotungstic acid (wt/vol). Grids were washed in distilled water and blotted. Cells were viewed with a JEOL transmission electron microscope model JEM-1010.
RESULTS
Identification of a K84 mutant with defective attachment to polypropylene wells but proficient for biofilm formation on the root tip surface. A mutant collection of R. rhizogenes K84 carrying the Mar2ϫT7 transposon was screened for attachment and biofilm formation in 96-well polypropylene microtiter plates. The initial screen of approximately 1,700 transposon-derivative K84 mutants yielded two strains with different surface adhesion phenotypes. One of these mutants, designated M71, grew normally in ATM liquid medium (data not shown), but it was completely defective in attachment and subsequent biofilm formation on polypropylene wells (Fig. 1) . In a time course experiment, M71 still did not attach or form biofilms after 4 days of incubation (data not shown). Interestingly, this mutant attached and produced normal biofilms on the root surface of tomato (Fig. 2) . GFPlabeled fluorescent wild-type and mutant strains exhibited the same level of bacterial attachment to washed root tips ( Fig. 2A) and also showed indistinguishable patterns of biofilm formation as observed by epifluorescence microscopy (Fig. 2B) .
Another K84 mutant attaches and forms visibly denser biofilms on both abiotic and root tip surfaces. The mutant designated M108 showed visibly enhanced biofilms when grown in polypropylene wells (548% Ϯ 132% with respect to the normalized data of the ratio between dimethyl sulfoxide [DMSO]-solubilized CV staining [A 570 ] that reflects the surface-adherent cells and the culture density [OD 570 ] that represents the planktonic cells of the wild type) and also on the surface of tomato root tips (Fig. 3) . The adhesion pattern carried over to the natural root surface by a GFP fluorescently tagged M108 mutant strain shows that this mutant formed visibly denser biofilms (Fig. 3A) . In fact, the mutant biofilms were uniformly thicker than those formed by the wild-type K84 strain on the root surface, as also observed by epifluorescence microscopy (Fig. 3B) , with clearly a higher number of GFP-expressing bacterial cells.
The M108 mutant strain also exhibited more pronounced biofilms than the wild-type strain K84 when grown in borosilicate culture tubes under shaking conditions. These biofilms are very dense, but loose, at the liquid-air interface of cultures, while strain K84 grew in suspension mainly as planktonic cells, with minimal signs of biofilm formation (Fig. 4) . The mutant also formed remarkable precipitated aggregates at the bottom of the tube that were absent in the wild-type strain (Fig. 4) . Specifically, mutant M108 bacteria preferentially grew as surface-adherent biofilms (sessile) that were distinctly different from the wild-type K84 strain that grows, for the most part, as a planktonic suspension culture.
Genetic analyses of the biofilm mutants. Sequence analysis of the transposon-K84 DNA flanking region from genomic DNA of the mutant M71 localized the insertion site within the coding sequence of the Arad9146 gene. This gene is 1,212 bp long and is located on chromosome 2, which is the 2.65-Mbp megaplasmid ) and from Burkholderia cenocepacia (33% I and 52% S) and with the BexC ortholog from Haemophilus influenzae (35% I and 53% S). Based on these amino acid sequence similarities, the Arad9146 coding sequence is predicted to encode a capsular polysaccharide inner membrane export protein (25, 28, 58) . In fact, the wcbD ortholog gene in R. rhizogenes strain K84 is part of a locus (extending from GeneID Arad9136 to Arad9152) that is predicted to encode the biosynthesis and export of a group II capsular polysaccharide (CPS) (Fig. 5) . Interestingly, this locus is part of a larger genomic region (extending from GeneID Arad9127 to Arad9160) in strain K84 that is virtually missing in the other fully sequenced genome of A. tumefaciens C58 and with only a few orthologous genes in the Agrobacterium vitis S4 genome (see Fig. S1 in the supplemental material). Moreover, the most highly related homologs for this K84 CPS locus genes are not from the Rhizobiaceae family (see Table S2 ).
Sequence analysis of mutant strain M108 localized the transposon insertion between nucleotides 302 and 303 of the 1,323-bp Arad3519 coding sequence, which is located on chromosome 1 of strain K84. This gene has been designated rkpK based on the predicted amino acid sequence. The K84 rkpK gene shows the highest similarity to mtpE of Mesorhizobium tianshanense (83% I and 89% S) and rkpK orthologs of Rhizobium leguminosarum bv. viciae (82% I and 89% S), Rhizobium etli (83% I and 89% S), and Sinorhizobium meliloti (79% I and 88% S), plus exo5 of R. leguminosarum bv. trifolii (82% I and 89% S). The rkpK gene encodes a UDP-glucose 6-dehydrogenase (21) . In R. rhizogenes strain K84, the rkpK gene is part of a two-gene operon called rkp-2 (see Fig. S2 in the supplemental material) that also contains the lpsL gene, which is predicted to specify a UDP-glucuronic acid epimerase function (21) . The synteny of the rkp-2 region of R. rhizogenes strain K84 is not conserved among the more closely phylogenetically related species within the Rhizobiaceae family (52), such as R. leguminosarum bv. viciae, R. etli, A. tumefaciens, or A. vitis (see Fig.  S2 ). This rkp-2 operon is required for O-antigen lipopolysaccharide (LPS) synthesis, as well as for the K-antigen capsular polysaccharide (KPS) produced by some S. meliloti strains (8, 21) .
FIG 3
The rkpK mutant M108 attaches and forms denser biofilms than the wild-type strain K84 on the surface of tomato root tips. (A) Attached bacteria expressing GFP were detected by a luminescent detection imaging system on the surface of 1-cm tomato root tips incubated with GFP-labeled derivatives of the wild-type K84-GFP, its rkpK mutant M108-GFP, and the complemented mutant M108(pRkpK)-GFP. No GFP-expressing bacteria were found on the surfaces of uninoculated control root tips. (B) Visualization by fluorescence microscopy of representative tomato root tip surface-attached biofilms obtained after incubation with K84-GFP, its rkpK mutant M108-GFP, and the complemented mutant M108(pRkpK)-GFP. Green fluorescence structures were clearly observed on the surface of tomato root tips incubated with bacteria, whereas no such GFP-expressing structures were found on the surface of uninoculated control root tips.
FIG 4
The rkpK mutant M108 grows mainly in a sessile stage (aggregates or biofilms) rather than in a planktonic way. Strain K84 grew in suspension (planktonic cells), forming just a slight biofilm at the surface of the tube at the liquid-air interface, whereas the rkpK mutant M108 formed aggregates which precipitated to the bottom and formed clearly denser biofilms at the surface of the tube at the liquid-air interface, with no visible planktonic cells.
wcbD gene of R. rhizogenes K84 is required for attachment and biofilm formation on the abiotic surface. Expression of a functional copy of wcbD in the M71 mutant [M71(pWcbD) strain] completely restored the attachment and biofilm deficiencies of the mutant (Fig. 1) . These results confirm that the wcbD locus plays an important role in the surface adhesion and biofilm development phenotypes of mutant M71.
rkpK gene of R. rhizogenes K84 is required for normal biofilm formation. Expression of a functional copy of rkpK in the M108 mutant [M108(pRkpK) strain] restored normal biofilm formation on the abiotic polypropylene surface (134% Ϯ 29% with respect to the normalized data of the ratio between DMSOsolubilized CV staining [A 570 ] and the culture density [OD 570 ] of the wild type) and on the surface of tomato root tips (Fig. 3) . These results confirm that the rkp-2 locus is required for normal biofilm development in strain K84.
Analyses of cell envelope polysaccharides. (i) rkpK, but not the wcbD gene, is required for O-antigen LPS synthesis. Because both wcbD and rkpK genes are involved in strain K84 biofilm formation and showed a high degree of similarity to functions involved in cell envelope polysaccharide synthesis, we examined the LPS profiles of these mutants compared to those of the wildtype strain. As shown in Fig. 6A , wild-type strain K84 gives a characteristic LPS banding pattern after gel-electrophoretic separation, showing both smooth (LPS I) and rough (LPS II; lipid A plus the core saccharide) LPS. Interestingly, the wcbD mutant does not show any visible differences in this banding pattern, whereas the rkpK mutant lacked the O-antigen fraction and was concomitantly enriched in the rough LPS band (LPS II) (Fig. 6A) . Colonies of the rkpK mutant were slightly less mucoid (drier) than those of the wild type and exhibited a characteristic rough-colony morphology.
Expression of a functional copy of rkpK in the M108 mutant [M108(pRkpK) strain] restored synthesis of smooth LPS I to the mutant (Fig. 6A) . These results confirm that the rkpK gene of R. rhizogenes K84 is required for O-antigen LPS biosynthesis and normal biofilm formation.
(ii) Strain K84 does not produce the K-antigen capsular polysaccharide typical of some rhizobia. Because of the relatedness of both WcbD and RkpK to functions involved in the synthesis of capsular polysaccharides, we were interested to examine whether strain K84 produces the high-molecular-weight K-antigen capsular polysaccharide (KPS) as described for other rhizobia (48) . As shown in Fig. 6B , the total LPS extract of S. meliloti strain AK631 contains a prominent KPS fraction that is absent in KPS-deficient strain 1021. Importantly, R. rhizogenes strain K84 does not produce a related high-molecular-weight KPS (Fig. 6B) . A faint banding pattern, corresponding to low-molecular-weight polysaccharides, was observed in strain K84 and its wcbD and rkpK derivative mutants.
EPS production. Because the UDP-glucuronic acid product of the RkpK activity could also be part of the repetitive units for extracellular exopolysaccharide (EPS) biosynthesis, we evaluated the total amount of carbohydrates in EPS-containing supernatants. EPS values from the rkpK mutant supernatants were not significantly different from those of the wild type (277 Ϯ 5.8 mg, EPS/OD 600 ).
DISCUSSION
We have recently shown that the biocontrol agent R. rhizogenes (formerly A. radiobacter [56] ) strain K84 is able to form biofilms not only on abiotic surfaces but also on plant root surfaces, where biofilms become complex and structured, with cells adhering to the surface and to each other (1) . Based on these observations, we
FIG 5
The wcbD ortholog gene in R. rhizogenes strain K84 is part of a locus dedicated to the biosynthesis and export of a group II capsular polysaccharide (CPS).
The genetic structure of the wcbD ortholog gene locus (extending from Arad9136 to Arad9152), where the Mar2ϫT7 transposon is inserted in mutant M71 (GeneID Arad9146), is presented. Genes related to CPS biosynthesis loci from other bacteria are highlighted in bold. BexA-C genes belong to the CPS biosynthesis locus of Haemophilus influenzae, CtrB-D belong to that from Neisseria meningitidis, KpsE corresponds to that of E. coli, and WcbD belongs to the corresponding locus of Erythrobacter sp. (28) . Further information about the properties of these putative CPS proteins of R. rhizogenes strain K84 and their closer homologs is also presented in Table S2 in the supplemental material. The R. rhizogenes strain K84 complete genome analyses and annotation are available from Virginia Tech Bioinformatics Institute Genome sequencing webpage (agro.vbi.vt.edu/public/index.html).
hypothesized that biofilm formation is an integral part of strain K84 host root colonization and its ability to act as an efficient biocontrol agent. A genetic screen for R. rhizogenes K84 mutants deficient in adhesion and biofilm formation identified two loci encoding functions consistent with this prediction. The first mutant is disrupted in a wcbD ortholog gene, which is required for attachment to and subsequent biofilm formation on an abiotic surface, but is capable of forming seemingly unaltered biofilms on root tip surfaces. Bacterial cell counts, luminescent detection, and fluorescence microscopy evaluation of GFP-tagged wild-type and mutant strains clearly showed similar numbers of cells within the biofilms formed by both strains on root surfaces and also indicated that wild-type K84 and its wcbD mutant were supported by a tightly adhering subpopulation that remained attached to the root surface even after rigorous washing. Thus, the wcbD mutant lacks an adhesion factor required for the interactions with abiotic polypropylene surfaces by strain K84. The reason for the observed differences in the abiotic versus biotic adhesion phenotypes of the wcbD mutant remains unclear although similar differences in adhesion patterns have also been observed in Pseudomonas putida (18, 60) , Pseudomonas fluorescens (2), and Vibrio cholerae (36) mutants. Physicochemical properties of the surfaces are important aspects of bacterial adhesion (23) , which could explain the observed difference in attachment to polypropylene, which is hydrophobic, versus the likely hydrophilic root surface. Adhesion to these different substrates may require specific adhesion factors. Thus, we infer that the adhesion factor encoded by the wcbD locus is specific for adhesion to hydrophobic surfaces, with little or no role in adhesion to the root surface. Alternatively, the root surface could be coated with organic material released by root exudates, providing a nutrient source which might also influence bacterial adhesion to the roots (23, 60) .
Cell envelope polysaccharides, including capsular polysaccharides (CPSs), are often involved in attachment to inert surfaces and plant tissues (5, 13) . Changes in the CPS content might be related to different hydrophobicity characteristics that could play a key role in surface adhesion selectivity, as suggested by De Castro et al. (16) . The wcbD gene is part of a predicted CPS locus in strain K84. It is therefore likely that the wcbD mutant has an altered CPS component at the cell surface. The fact that in trans expression of wcbD restored normal adhesion and biofilm formation on the abiotic surface strongly suggests that this locus of strain K84 encodes an adhesion factor that is important for attachment to the abiotic substrate but has minimal, if any, role in adhesion to the natural plant surface. A typical bacterial capsule surrounding the cells was not evident in strain K84 growing in liquid culture, as confirmed by negative staining and transmission electron microscopy. There is the possibility that the predicted K84 capsule is a layer very loosely attached to the external membrane or constitutes a microcapsule that is not readily discerned as described in other bacteria (5, 41) . R. rhizogenes is closely related to R. leguminosarum and R. etli and less so to Agrobacterium species (52) . The entire wcbD locus of R. rhizogenes strain K84 is virtually missing in the A. tumefaciens C58 and A. vitis S4 genomes. Moreover, each gene present in this wcbD locus in strain K84 has low similarity to genes from the Rhizobiaceae family, suggesting that this predicted CPS locus belongs to a larger DNA region that could be a genomic island in the K84 genome.
The second biofilm mutant we identified has an insertion in the rkpK gene and resulted in the formation of denser biofilms on both the abiotic and root tip surfaces. This gene encodes a UDPglucose dehydrogenase, which is predicted to catalyze conversion of UDP-glucose to UDP-glucuronic acid (21) . The contiguous lpsL gene in this rkp-2 operon is predicted to encode a UDPglucuronic acid epimerase that converts UDP-glucuronic acid to UDP-galacturonic acid (21) . These UDP-saccharides are likely monomeric substrates for LPS (O-antigen) or KPS (K-antigen) biosynthesis since an rkpK mutant of S. meliloti was impaired in normal LPS and KPS production (8, 21) . The rkpK mutation in R. rhizogenes strain K84 blocks O-antigen biosynthesis, as indicated by the enriched amounts of rough LPS (LPS II). Moreover, we show that R. rhizogenes strain K84 does not produce the highmolecular-weight K-antigen capsular polysaccharide (KPS). In S. mutans. Proteinase K-treated SDS-lysed cell extracts were separated in PAGE gels, and LPS was visualized after staining as described in Materials and Methods. In wild-type strain K84 (lane 1), smooth LPS and rough LPS (lipid A linked to the core oligosaccharide but without the O antigen) migrate as distinct species. The smooth LPS (LPS I) produced by the wild-type strain K84 runs as a series of distinct bands. The rough LPS (LPS II) migrates faster on the gel and consists of one prominent band. Lanes: 1, Rhizobium rhizogenes wildtype strain K84; 2, rkpR mutant; 3, complemented mutant M108 (pRkpK); 4, wcbD mutant. (B) High-molecular-weight K-antigen capsular polysaccharide (KPS) production of wild-type K84 and its derivative mutants. Bacterial crude extracts were separated in PAGE gels, and polysaccharides were visualized after Alcian blue treatment and silver staining as described in Materials and Methods. Lanes: 1, S. meliloti strain 1021 (nonproducer of HMW-KPS); 2, S. meliloti strain AK6311 (HMW-KPS producer); 3, R. rhizogenes strain K84; 4, wcbD mutant; 5, rkpK mutant. meliloti, three genomic regions, named rkp-1 (rkpA-F, rkpG, rkpH, and rkpIJ), rkp-2 (rkpK-lpsL), and rkp-3 (rkpL-Q and rkpR-T), are required for KPS biosynthesis (21, 37, 46) . The fact that the R. rhizogenes K84 genome lacks the rkp-1 and rkp-3 loci is in agreement with our analytical data showing that strain K84 does not produce the characteristic KPS fraction observed in some rhizobia strains.
Interestingly, the rkpK mutant strain preferentially grew in a sessile form as aggregates or biofilms rather than as a planktonic suspension when grown in liquid culture under both static and shaking conditions. This fact suggests that the lack of the O antigen in the LPS from the rkpK mutant enhanced adherence among cells, allowing higher bacterial numbers within the biofilms formed on either the abiotic or the root tip surface. One hypothesis to explore would be to determine if the rkpK mutant lacks the O antigen linked to the core saccharide, and, consequently, the core oligosaccharides are exposed. Some of these core saccharides, such as N-acetylglucosamine, can act as potent intercellular and surface adhesins (20) . Although we cannot infer the exact role of the O-antigen LPS in the formation of biofilms by strain K84 based on this rkpK mutant phenotype, it is likely that it could be necessary for efficient root colonization by this biocontrol agent (26) . In fact, the lack of the O-antigen LPS in the rkpK mutant could compromise its fitness since other O-antigen mutants of several rhizobial species have shown decreased competitiveness compared with their wild types (15, 38) . In this study we also observed that the rkpK gene was not affecting the biosynthesis of EPS, which suggests that UDP-glucuronic acid is not a major monomeric substrate for the EPS pool in the R. rhizogenes K84 strain.
Clearly, biofilm formation is highly complex and depends on a number of development-specific functions. The data presented here are a first step in dissecting the biofilm formation process in this important biocontrol agent. The wcbD gene is required for attachment to polypropylene (cell-surface interactions), most likely through the synthesis of a yet uncharacterized capsular polysaccharide (CPS), which is distinct from the K-antigen KPS produced by other rhizobial strains. The K84 genome carries only a subset of the rkp genes (specifically the rkp-2 locus). One of these genes, rkpK, is required for the synthesis of the O antigen in the LPS from strain K84 and to form normal biofilms by this crown gall biocontrol agent.
